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Cell fatty acid composition affects free radical formation during lipid peroxidation.
Am. J. PhysioZ. 267 (CeZZ PhysioZ. 36): Cl77-Cl88, 1994.-Lipid-derived free radicals generated from intact human U937 monocytes exposed to iron-induced oxidative stress were detected by electron paramagnetic resonance (EPR) with the spin trap cx-(4-pyridyl-loxide)-N-tert-butylnitrone (POBN). Lipid radical formation was enhanced when the cells were enriched with n-3 or n-6 polyunsaturated fatty acids. Computer simulation indicated that at least two POBN spin adducts were formed, having spectral characteristics consistent with carbon-centered radicals (aN = 15.9 G and aH = 2.6 G; aN = 15.1 G and aH = 2.8 G). These alkyl radicals are probably formed by p-scission of alkoxyl radicals. POBN spin adduct formation correlated with ethane generation.
Addition of ascorbate to the assay medium greatly increased the radical signal intensity. Although radical generation was cell dependent and POBN spin adducts were observed in cell homogenates, the adducts formed by the intact cells were detected only in the extracellular medium. These findings indicate that the extent of lipid radical formation in response to oxidative stress can be influenced by changes in the polyunsaturated fatty acid composition of the cell lipids and suggest the possibility that carbon-centered lipid radicals may interact with extracellular structures.
electron paramagnetic resonance; spin trapping; polyunsaturated fatty acids; oxidant stress FREE RADICALS are generated in a number of metabolic reactions, and lipids containing polyunsaturated fatty acids in cell membranes and lipoproteins are targets of free radical-mediated oxidation (17) . This process of lipid peroxidation consists of three components: initiation in which free radicals are formed, propagation of the radical chain reactions, and termination (6, 25, 28) . Iron or other catalytic metals usually are required to initiate lipid peroxidation (25) , and the free radicals generated, such as a lipid-derived carbon-centered radical (Lo), lipid peroxyl radical (LOO.), and lipid alkoxyl radical (LO*), propagate the chain reactions (28). Termination of lipid peroxidation results when the free radicals in the chain propagation step react with other free radicals or antioxidants to form nonradical short-chain hydrocarbon compounds.
We recently reported the electron paramagnetic resonance (EPR) detection of lipid-derived carbon-centered free radical cx-(4-pyridyl-l-oxide)-N-tert-butylnitrone (POBN) spin adducts from a suspension of intact human U937 monocytic leukemia cells exposed to oxidant stress (26). This process was initiated by exposure of the U937 cells to ferrous ions; free radicals were detected by EPR spin trapping. The cell suspensions that generated easily detectable amounts of spin adducts were supplemented with substantial quantities of docosahexaenoic acid [22:6(n-3) , DHA], a polyunsaturated fatty acid containing six double bonds and five methylene carbons that is highly susceptible to lipid peroxidation.
The purpose of the present study was to characterize the conditions necessary for lipid radical formation in intact U937 cells and determine whether this process requires the presence of large amounts of DHA in the cell lipids. During the course of this work, we found that the spin adduct formed by the U937 cells was present in the extracellular fluid. This finding suggests that some lipid radicals either are formed near the cell surface or can otherwise gain access to the extracellular medium, where they might be in a position to initiate oxidative reactions in adjacent extracellular structures. ME?l3ODS Materials.
POBN and iminodiacetic acid chelating resin were purchased from Sigma (St. Louis, MO). 3-Carboxy-proxy1 was obtained from Aldrich (Milwaukee, WI) . CeZZ culture. The human U937 monocytic leukemia cell line was grown in a humidified atmosphere of 95% air-5% CO2 at 37°C in RPM1 1640 medium containing 5% fetal bovine serum, 15 mM N-2-hydroxyethylpiperazineJV"-2-ethanesulfonic acid, and 2 mM L-glutamine (18). The cells were maintained as an exponentially growing culture by passage every 2-3 days. Cell lipids were modified by the addition of 20 PM fatty acid to the growth medium for 2 days (26). Before the experiment, the cells were washed twice with a phosphate-buffered salt solution (PBS) containing 2.7 mM KCl, 1.5 mM KH2P04, 136.8 mM NaCl, and 8.1 mM Na2HP04 (pH 7.4) to remove any remaining fatty acid-supplemented growth medium. Cells were then resuspended in the PBS at a concentration of -4 x lo6 cells/ml. PBS was treated with chelating resin to remove adventitious catalytic metals using the batch method (5); the absence of catalytic metals was verified with ascorbate (5). Cell protein content was assayed by a modification of the Lowry method in which sodium dodecyl sulfate was added (23). Cell cultures were tested and found to be negative for mycoplasma.
Fatty acid composition. Fatty acid composition was determined by gas-liquid chromatography (GLC) (16). Briefly, washed cells were extracted with CHCls-CHSOH (2:1, vol/vol) (21), and the lipids were saponified for 45 min at 70°C in 10 N vol/vol) (14) . A known amount of heptadecanoic acid methyl ester (170) was added as an internal standard. The fatty acids then were methylated for 10 min at 95°C with 12% BF3 (16) and separated by GLC using a Incubations. Unless noted otherwise, 0.5 ml PBS containing 4 x lo6 cells/ml was used in all incubations.
Immediately before placement in the EPR spectrometer cavity, 10 mM (final concn) POBN was added to the cell suspension. Ferrous iron (10 ~1) from a stock solution of 5 mM FeS04 l HZ0 in 10 ml HzO, containing 50 ~1 concentrated HZS04 to stabilize the iron as Fe2+, was added next. The contents of the tube were gently mixed by vortexing and then transferred to an EPR quartz flat cell. In additional experiments, either 10 mM N-tert-butyl-cxphenylnitrone (PBN) or 2-methyl-2-nitrosopropane (MNP) was substituted for POBN as the spin trap.
Disruption of cells was done by nitrogen cavitation as described previously (21), except that the disruption buffer consisted of PBS alone. In one experiment, the homogenate was centrifuged at 600 g to remove nuclei and unbroken cells. The resulting supernatant material was mixed with 10 mM POBN and 100 PM FeS04, and EPR spectra were collected. In another experiment, the 600-g supernatant material was centrifuged at 10,000 g to remove mitochondria, and the microsome fraction was then isolated by sedimentation for 1 h at 100,000 g. After washing, the fatty acid composition of the isolated microsomes was assayed by GLC (14, 26) .
Incorporation and release of [1J4C]DHA.
To determine the distribution of newly incorporated DHA in the cell lipids, the U937 cells were incubated with 5 FM [1-14C] DHA, washed, and extracted with 20 ml of the CHC13-CHSOH mixture. After the CHC13 phase was isolated, the radioactivity was measured in an aliquot by liquid scintillation spectrometry, and the distribution of the radioactivity among the major lipid classes was determined in the remainder of the CHC13 extract after separation by thin-layer chromatography (TLC) (16). In another experiment, the cells were similarly labeled with [1-14C] DHA, and after washing, the cell suspension was divided into four equal portions. Two of these were incubated in PBS, and the other two in PBS containing 100 ~J-M FeS04. After 15 min, the cells were sedimented by centrifugation, and the radioactivity contained in the cell pellet and supernatant solution was measured (16).
EPR measurements. EPR spectra were obtained using a Bruker ESP-300 spectrometer operating at 9.79 GHz with lOO-kHz modulation frequency. Each sample, contained in a quartz flat cell, was centered in a TM110 cavity. All EPR measurements were made using air-saturated solutions at room temperature.
The EPR spectrometer settings were as follows: microwave power, 40 mW (7); modulation amplitude, 1.05 G; time constant, 1.3 s; scan rate, 60 G/335 s; receiver gain, 106. Quantitation of spectra was done using 3-carboxyproxy1 as the radical standard (13). Accurate determinations of POBN spin adduct concentrations by standard double integration in samples with very low signal-to-background ratio could not always be reliably achieved using the Bruker ESP-300 software package. In these cases peak heights were used; values for the height of the first midfield peak and the trough of the second midfield peak were measured. Those spectra having a high signal-to-background ratio were analyzed by both double integration and measurement of midfield peak ranges. Analysis by either method yielded similar radical concentrations.
Computer simulation of EPR spectra was performed utilizing programs available from the National Institute of Environmental Health Sciences (12).
Measurement of ethane production. Lipid peroxidation was measured using the generation of ethane as described elsewhere (8). Briefly, 5 x lo7 U937 cells that had been previously supplemented with either 10 FM DHA or 10 PM oleic acid were washed and resuspended in 5 ml PBS and placed into IO-ml disposable syringes (Becton Dickinson, Rutherford, NJ). A 5-ml headspace was created by a stream of low-hydrocarbon compressed air (Air Products, Allentown, PA) in the syringe above the sample. Compressed air was allowed to flush the headspace for 5 min, and the syringe was then sealed with a l-ml syringe plunger septum. Experiments were initiated by injection of 50 l.~l FeS04 stock solution (200 PM final concn) or PBS through the plunger septum. The samples were mixed and incubated at 37°C for 2 h before analysis of the headspace. The 5-ml headspace gases were directly injected into a HewlettPackard model 5710A gas chromatograph modified with an external heated sample loop for hydrocarbon detection (8). Ethane quantitation was accomplished by separation of one-to four-carbon hydrocarbons on a 5 m x 3.2 mm stainless steel column packed with 80-100 mesh Poracil C (Supelco, Bellefonte, PA) run isothermally at 50°C with N2 as the carrier gas and flame ionization at 150°C to detect and quantify peak areas. Cl-C6 n-paraffins (lo-20 ppm each in N2; Supelco) were used to generate standard curves for quantitation of ethane peak areas.
RESULTS
EPR spin-trapping studies. The spectral intensity of POBN spin adducts (aN = 15.61 t 0.04 G and aH = 2.64 t 0.03 G), generated after iron-mediated oxidative stress, was determined relative to the amount of supplemental DHA present in the growth medium of the U937 cells (Fig. 1) . In these and all other studies in which free radicals were measured, the cells were removed from the medium containing the fatty acid supplement and washed before they were incubated with POBN and ferrous iron. Therefore no lipid supplement was contained in the medium when the EPR measurements were made. The intensity of the carbon-centered radical adduct measured by EPR increased as the concentration of DHA to which the cells had been exposed in the growth medium was raised. With the instrument settings used, this adduct was not discernibly detected when DHA-supplemented cells were incubated with POBN alone (Fig. LA) . It was also not discernible when cells grown either without supplemental fatty acid (Fig.  1B) or with 2.5 FM DHA (Fig. 1C) were incubated with POBN and ferrous iron. However, the POBN spin adduct was clearly detected when the growth medium was supplemented with 5 PM DHA (Fig. lo) , and the signal intensity became more pronounced as the supplemental DHA concentration was increased further (Fig.  1 , E-H). On the basis of work using cell-free incubations with purified polyunsaturated fatty acids and lipoxygenases (9,20), we have assigned the spectra to an alkyl radical adduct of POBN, such as an ethyl, pentyl, or pentenyl radical.
Quantitation of the spectra illustrated in Fig. 1 using a 3-carboxy-proxy1 standard shows that the amount of radical generated from U937 cells exposed to oxidative stress increased sharply when the supplemental DHA concentration to which the cells had been exposed in the growth medium was increased above 10 PM (Fig. 2) . Because there is considerable scatter in the data obtained from the cells grown in the presence of 40 PM DHA, it appears that radical formation may plateau at supplemental concentrations between 30 and 40 PM DHA.
Ethane production. The relationship between POBN radical adduct formation and ethane generation by the U937 cells was compared. When the cells were grown in medium supplemented with 10 PM DHA, radicals were trapped and ethane was generated (Table 1 ). In corresponding cells grown in medium supplemented with oleic acid, lipid-derived radical formation was too low to be detected, and very little ethane was produced.
Enrichment of cell lipids with DHA. The fatty acid composition of cells grown in media supplemented with DHA was determined by GLC. The percentage of total cell fatty acid present as DHA increased as the amount of DHA supplementation was raised, reaching a plateau at 30 PM added DHA (Fig. 3) . DHA accounted for 2.5% of the total fatty acid in the fetal bovine serum present in the growth medium, and this probably accounts for the small amount of DHA present in the cells grown in the medium that did not contain any supplemental fatty acid.
The fatty acid composition of the isolated microsomes was also determined after growth of the U937 cells in media supplemented with either 20 FM DHA or oleic acid. As a control, microsomes from cells grown in medium without a fatty acid supplement also were isolated and assayed. Compared with the microsomes from the unsupplemented cells, a lo-fold increase occurred in the relative amount of 22:6 in the cells supplemented with DHA, and there was a doubling in the relative content of polyunsaturated fatty acid (Table  2) . Likewise, there was a 30% increase in the relative amount of l&l in the microsomes from the cells supplemented with oleic acid. Therefore fatty acid compositional changes similar to those observed in the intact cells also occurred in the membranes that comprise the microsomal fraction.
The distribution of the incorporated DHA among the cell lipids was also measured after supplementation. After incubation for 24 h with 5 PM DHA containing [l-14C]DHA, the cells were washed and the radioactivity in the extracted lipids was determined after separation by TLC. The radioactivity was distributed primarily among three lipid fractions:
35% in phosphatidylcholine, 18% in phosphatidylethanolamine, and 30% in triglycerides (data not shown). An experiment was also done to determine whether lipids containing DHA might be discharged from the cells as a result of exposure to FeS04. After labeling with the [1J4C]DHA and washing, portions of the labeled cell suspension were incubated for 15 min with PBS containing 100 PM FeS04 or PBS alone as a control. In both cases, 5.2-5.4% of the cell radioactivity was recovered in the medium at the end of the 15-min incubation. Release of a small amount of radioactive lipids during incubation of cells containing labeled DHA has been observed previously (16) . The present findings demonstrate that the FeS04-mediated oxidation did not cause a measurable increase in this release process. Because [ lJ4C]DHA was used to label the cells, however, this assay is not able to detect the release of oxidation products that do not contain the carboxyl carbon of the added DHA.
Factors affecting radical formation. Trapping of the carbon-centered radical was dependent on the order of addition of compounds into the reaction mixture. When ferrous iron was added before POBN, no lipid-derived radical was detected; the POBN had to be added before FeS04 to trap a carbon-centered radical. Adding 1.8 mM final concentration sulfuric acid, which was equal to that used to prepare the FeS04 stock solution, to DHA-enriched cells in the presence of POBN lowered the pH of the incubation mixture to 7.0 but did not generate a radical signal.
In most of the experiments, the POBN concentration was 10 mM. To ascertain whether this amount was optimal, cells were incubated with various amounts of POBN and after addition of 100 PM FeS04, EPR spectra were obtained. The radical adduct peak heights were determined, and the amount of radical formation was calculated using the 3-carboxy-proxy1
standard. Increas- In other studies, either 10 mM PBN or 10 mM MNP was used as the spin trap. As opposed to results obtained with POBN in the same experiments, no radical adducts were detected when U937 cells enriched with DHA were exposed to 100 PM FeS04 in the presence of either of these spin traps.
Ordinarily, the cells were washed with PBS before the initiation of radical formation. To exclude the possibility that the lipid radical might be formed from unesterified fatty acid that remained loosely bound to the cell surface, cells supplemented with 20 PM DHA were washed with PBS containing 10 mM bovine serum albumin before exposure to POBN and FeS04. The radical adduct signal detected was the same height and shape as that obtained from corresponding DHAenriched cells washed only with PBS (data not shown).
Cell viability was assessed by trypan blue dye exclusion after exposure to PBS containing FeS04, POBN, FeS04 plus POBN, or, as a control, PBS containing none of these additives. After these samples were placed in the EPR spectrometer and the spectral data were collected, the number of cells not stained by the dye was measured by microscopy. In each case, > 94% of the cells excluded the trypan blue, and no significant differences were observed between any of the treatments (data not shown).
Effect of type of fatty acid supplement. To determine whether polyunsaturated fatty acids other than DHA would also enhance the production of lipid radicals, the U937 cell growth media were supplemented with different fatty acids. Table 3 shows the fatty acid compositional differences that occurred in the total lipids ex- increases occurred with linoleic acid, arachidonic acid, eicosatrienoic acid and DHA, and the composition of the cell lipids in each case was considerably different from the cells supplemented with oleic acid. Although less linolenic and eicosapentaenoic acids were present in the cell lipids after supplementation with these acids, substantial increases in their elongation products were detected. When the amounts of the elongated and unmodified fatty acids were added, the total enrichments obtained with both of these fatty acids was similar to those obtained with linoleic acid, arachidonic acid, eicosatrienoic acid, and DHA.
The percentage compositional changes reported in Table 3 reflect substantial changes in the amount of these fatty acids present in the cell lipids. For example, cells supplemented with arachidonic acid contained 123 t 15 pg20:4,0.67 t 0.3 pg20:5,60 -+ 6 pg 22:4, and 6.3 t 0.1 kg 225 per mg cell protein (n = 4). By contrast, those supplemented with eicosapentaenoic acid contained 14 t 2 pg 20:4, 92 t 11 pg 205, 3.3 t 0.8 pg 22:4, and 79 t 15 kg 22:5 (n = 4). However, the total amounts of fatty acid present in the cell lipids were similar in both cases, 391 t 33 compared with 399 t 30 pg/mg cell protein, respectively. Cells enriched with oleic acid, which do not produce a clearly discernible radical adduct, also contained a similar amount of total fatty acid, 431 t 13 pg/mg cell protein (n = 4).
When the various fatty acid-modified U937 cells were subjected to ferrous iron-mediated oxidant stress, radical adducts were detected by EPR spectroscopy (Fig. 5) . The hyperfine splitting constants determined from the spectra produced by cells after supplementation with polyunsaturated fatty acids indicate that, as in the case of DHA supplementation, the radicals trapped by POBN are carbon-centered species. The adducts generated by the don cells .ic, an S upplemented with eicosapentaenoic , arachi-.d eicosatrienoic acid s have hyperfine splitting values centered around aN = 15.66 G-and aH = 2.54 G ( Table 4) . The low signal-to-background ratio precluded the extraction of accurate hyperfine splitting values from the spectra generated by cells supplemented with linolenic, linoleic, or oleic acids or the cells grown without fatty acid supplementation. However, the position and shape of these spectra resemble the spectra of the carbon-centered radical adducts generated by the DHA-enriched cells.
Spectra obtained with DHA-enriched cells contain enough information for successful computer simulation. A typical spectrum obtained from a suspension of DHAenriched cells exposed to FeS04 in the presence of POBN is shown in Fig. 6A . The asymmetry in the spectrum suggests that more than one species is present. Indeed, the simulation, Fig. 6B , provided the best fit when the model contained two radical species. Both simulated spectra are carbon-centered radical adducts of POBN, the first with splitting constants of aN = 15.45 G and aH = 2.89 G (Fig. 6C ) and the second with aN = 15.94 G and aH = 2.05 G (Fig. 6D) . A third radical species representing a POBN artifact (4) is shown in Fig.  6E and is included in the composite simulated spectrum. Simulations also were performed on spectra obtained from cells enriched with eicosapentaenoic, arachidonic, and eicosatrienoic acids (Table 4) . In all of these cases, the hyperfine coupling constants extracted from the experimental and the simulated spectra agree very well with those reported for POBN carbon-centered radical adducts generated during lipid peroxidation (5, 9,10,22).
The amounts of radical adduct trapped by POBN from cells enriched with DHA or eicosapentaenoic acid, calculated using the 3-carboxy-proxy1 standard, were greater than those obtained from cells enriched with the other the n-3 fatty acid contains one less double bond. Howfatty acids (Fig. 7) . Comparisons with the fatty acids containing 20 carbons suggest that more radicals are ever, as shown in Table 3 The free radical spectrum with the detected in the intact system before centrifugation is shown in Fig. 8A . After the medium and cells were separated, however, the carbon-centered radical adduct was detected only in the supernatant solution and not in the cell pellet (Fig. 8, B and C) . In a similar experiment, a DHA-enriched cell suspension was centrifuged iniseparate the cells from the medium, and each was then exposed separately to ferrous ironoxidant stress. No free radical was observed cell-free medium (Fig. 80) ; a radical adduct was detected only when the separated resuspended cell pellet was exposed to the ferrous ions (Fig. 8E ). Taken together, these data indicate that although radical formation is cell-mediated, the resulting POBN spin adduct is localized to the extracellular fluid. A possible reason why spin adducts were not detected in the cell pellet is that the intracellular contents might quench the radical adduct signal or catabolize the radical adducts after they are formed. To evaluate this possibility, DHA-enriched cells were homogenized, and the homogenate was exposed to FeSO, in the presence of POBN. A spin adduct spectrum indicating the formation of a lipid-derived radical adduct was observed in the homogenate (data not shown). The spectral characteristics of this adduct are consistent with a carbon-centered lipid radical having hyperfine splitting constants of aN = 15.59 G and aH = 2.57 G, values similar to those calculated for the spectra produced by intact cells enriched with DHA. Based on protein content, the amount of radical adduct generated from the homogenate was similar to that generated by intact cells. Therefore the failure to detect cell-associated spin adducts is not due to quenching or destruction by the intracellular contents.
Effect of ascorbate. Ascorbate, which can serve as a pro-oxidant, was introduced into the system to increase the flux of free radicals produced by the FeS04-mediated oxidative stress (15). When only 20 PM FeS04 was added to a mixture containing 2 x lo6 cells enriched with DHA, 25 mM POBN, and 100 PM ascorbate, an EPR spectrum was obtained exhibiting a composite of the lipid-derived radical adducts and the ascorbate radical (Fig. 9A) . In the absence of ascorbate, this concentration of FeS04 is too low to produce an appreciable amount of lipid radicals under the conditions and instrument settings used (26). With ascorbate, the EPR signal intensity was increased substantially over that of spectra obtained with 100 FM FeS04 alone (Fig. 9B) . However, as seen in Fig. 9A n-9 n-0 n-6 n-3 n-6 n-3 n-3 Using this experimental approach and POBN as the spin trap, we were able to detect lipid-derived free radicals generated in response to oxidant stress if the monocytic leukemia cells were enriched with any of the commonly occurring polyunsaturated fatty acids. Spin adducts were not detected under identical conditions with the two other spin traps tested, PBN and MNP. It is possible that either the kinetics of radical adduct formation were unfavorable, or these compounds were not present in the correct intracellular location to trap the radicals that were produced.
The largest EPR signal intensity occurred when the cells were supplemented with eicosapentaenoic acid or DHA. In the case of DHA, POBN spin adducts were clearly visible when the supplemental fatty acid concentration to which the cells were exposed during growth was 5 PM. Under these conditions DHA comprised 11% of the U937 cell fatty acid content (Fig. 3) . For comparison, the DHA content in the retina and brain usually exceeds 15% of the tissue fatty acids (2). Because radicals were clearly visible at DHA contents < 15%, radical formation in the U937 cells almost certainly is not an artifact due to the intracellular accumulation of polyunsaturated fatty acid that is above physiological levels. Our interpretation is that relative increases in polyunsaturated fatty acid magnify the inherent process to a level high enough to be detected by the currently available EPR spin-trapping techniques. The increase in spin adduct formation was roughly parallel to the increase in cellular DHA content (cf. Figs. 2 and 3) . This is consistent with the interpretation that the extent of radical formation in response to a given level of oxidant stress depends on the availability of polyunsaturated substrate in the cell lipids. Studies with [1J4C]DHA indicate that the U937 cells channel the newly incorporated fatty acid into three lipids, phosphatidylcholine, phosphatidylethanolamine and triglycerides. It is not therefore possible to distinguish which intracellular lipid is involved in the augmented radical response.
The present work demonstrates that enrichment of the U937 cells with n-6 as well as n-3 polyunsaturated fatty acids leads to an increase in spin adduct formation in response to the oxidant stress. However, the amount of POBN radical adduct formed was dependent on the chain length and degree of unsaturation of the supplemental fatty acid. Although precise comparisons are not possible because of differences in the degree to which the cells elongated and desaturated each fatty acid, the available results suggest that n-3 polyunsaturated fatty acids may be somewhat more effective than n-6 polyunsaturates. Therefore the magnitude of free radical formation resulting from a given level of oxidant stress probably depends on the type and amount of polyunsaturated fatty acids contained in the cell lipids. Alternatively, it is possible that the radicals generated from n-3 fatty acids are trapped more efficiently by POBN, so that the apparent increase may be a kinetic result of the spin-trapping assay. Increases in malondialdehyde production (24, 28), ethane generation (8, 27) , and conjugated diene formation (29) also occur when tissues are enriched with polyunsaturated fatty acids. To begin to explore how radical production relates to these processes, we compared radical adduct signal intensity and ethane production in the same preparations of U937 cells enriched with DHA. Both of these responses increased when the cells were exposed to iron-induced oxidative stress. By contrast, enrichment with oleic acid, which does not produce a measurable increase in spin adduct formation, resulted in only a very low level of ethane production. These results suggest that ethane generation and radical adduct formation are measuring similar processes. The quantitative relationship between the two processes is difficult to assess, however, because radical formation was measured within 5 min, whereas 2 h were required for ethane collection.
Computer simulations of the EPR spectra were undertaken in an attempt to begin characterizing the lipid radicals formed by the intact cells. These simulations provide information about the minimum number of radical species that constitute the spectrum, their relative amounts and the hyperfine coupling constants.
The simulations indicate that more than one carboncentered radical was trapped when the U937 cells were enriched with either the n-3 or n-6 polyunsaturated fatty acids. On the basis of chemical studies reported by others, we propose that the radicals trapped by POBN are formed by P-scission of the alkoxyl radical, LO* forming l HBR and R'CHO (1, 9, 20) . These include ethyl, pentyl, and pentenyl free radicals. Based on this, we suggest that pentyl radicals generated from the methyl end of the fatty acid chain are trapped when n-6 fatty acids undergo peroxidation, whereas pentenyl radicals are formed from this segment of the chain if n-3 fatty acids are oxidized. The ethyl radicals probably are derived from either internal segments of both species or the methyl terminus of n-3 fatty acids. When oxidant stress was initiated with FeS04 alone, the signal-to-background ratio of the POBN spin adducts was very low. The radical adduct signals were enhanced substantially by adding ascorbate to increase the flux of radical generation. Ascorbate usually serves as a biological antioxidant (30), but it also can serve as a prooxidant (15). The ascorbate monoanion (AscH-), the form of ascorbic acid present at neutral pH, is easily oxidizable and thus can serve as a reducing agent (6, 7) needed to recycle catalytic metals such as Fe3+; AH-is oxidized while reducing Fe3+ to Fe2+. The resulting Fe2+ can initiate another round of free radical oxidation reactions by generating one electron oxidants such as HO 0, ferry1 ions, perferryl species, or an Fe"+-02-Fe3+ complex under these experimental conditions and thereby increase lipid radical formation.
The fact that spin adducts were trapped in the extracellular fluid suggests that the actions of these lipid-derived carbon-centered radicals may not be confined just to the cells exposed to the oxidant stress. In this regard, other free radicals also are released by cells, including superoxide (3 1) and nitric oxide (11), and they have effects in the surrounding medium or adjacent cells (3, 19, 32) . Th e h omogenate experiments indicate that the failure to detect spin adducts in the intact cell pellet is not due to their destruction or quenching of the signal by the intracellular contents.
The vital dye studies indicate that exposure to POBN and iron was not acutely cytotoxic, making it unlikely that the radicals or spin adducts were released into the medium due to cell damage. Also, the assay done on isolated medium after it had been incubated with the cells (Fig. SO) demonstrates that the radicals are not generated in the medium from lipids or particles released from the fatty acid-enriched cells. If the radicals are trapped intracellularly and the spin adducts quickly extruded from the cells, the detection of the adducts in the medium would not mean that the radicals themselves could be released from the cells. An equally plausible explanation of the present results, however, is that some of the lipid radicals are either released into the extracellular fluid and trapped there or generated in membranes that are exposed to the extracellular fluid and trapped at the cell surface. Because of the very short life of carbon-centered radicals, the possibility that they are generated near the cell surface seems more likely. This is consistent with the finding that the microsome fraction, which contains plasma membranes when isolated by the procedure utilized (33), is highly enriched in polyunsaturated fatty acids if the cells were grown in the presence of supplemental DHA (Table 2) . Also, some POBN would be expected to associate with the surface membrane, since it is an amphipathic substance. If so, it would be properly located to trap any radicals generated in the plasma membrane. Based on these considerations, the present observations suggest that at least some lipid radicals formed in response to oxidant stress may be generated in a location where they are able to exert effect s on extracellular stru .ctures. Su ch a process might have functional relevance even if it represents only a small fraction of the total lipid radicals produ .ced. 
